Numerous studies characterizing the function of glutathione peroxidase 4 (GPx4) have demonstrated that this selenoenzyme is protective against oxidative stress. Herein, we characterized the function of this protein by targeting GPx4 downregulation using RNA interference. Partial knockdown of GPx4 levels resulted in growth retardation and morphological changes. Surprisingly, GPx4 knockdown cells showed virtually unchanged levels of intracellular ROS, yet highly increased levels of oxidized lipid by-products. GPx1, another glutathione peroxidase and a major cellular peroxide scavenging enzyme, did not rescue GPx4-deficient cells and did not reduce lipid peroxide levels. The data established an essential role of GPx4 in protecting cells against lipid hydroperoxide damage, yet a limited role as a general antioxidant enzyme. As oxidized lipid hydroperoxides are a characteristic of neurodegenerative diseases, we analyzed brain tissues of mice suffering from a model of Alzheimer's disease and found that oxidized lipid by-products were enriched, and expression of both GPx4 and guanine-rich sequence-binding factor, which is known to control GPx4 synthesis, was downregulated. Brain tissue from an Alzheimer's diseased human also manifested enhanced levels of one of the oxidized lipid byproducts, 4-hydroxynonenal. These data suggest a role of GPx4 in neurodegenerative diseases through its function in removal of lipid hydroperoxides. Antioxid. Redox Signal. 12, 819-827.
Introduction

G
Px4 is one of five selenoprotein glutathione peroxidases in mammals (14) . It exists in three forms expressed differentially from one gene (12, 19, 20, 31) and functions as a repressor of 12=15-lipoxygenase-derived peroxidation that triggers apoptosis-inducing-factor-mediated cell death in neural cells (24) . Numerous biochemical studies suggested that GPx4 is an antioxidant enzyme having a broader substrate specificity than other glutathione peroxidases, as it accepts many reductant substrates in addition to glutathione and reacts with a wide array of organic and inorganic peroxides (12, 28, 29) . Furthermore, GPx4 has been reported to be part of the cellular antioxidant system catalyzing the reduction of hydroperoxides at the expense of reduced glutathione and other reducing agents (3, 28, 29) . Cells overexpressing GPx4 manifest an increased resistance to various reagents that cause oxidative stress, and heterozygous GPx4 knockout mice were more sensitive to oxidative stress than wild-type mice (1, 21, 22, 36) . Its ability to directly reduce phospholipid hydroperoxides and oxidized lipoproteins within biomembranes makes GPx4 unique among antioxidant enzymes (23, 29) . Other studies suggested that GPx4 may act synergistically with vitamin E to inhibit lipid peroxidation (32) and that it is involved in the regulation of apoptosis (17) . Seiler et al. (24) recently demonstrated that GPx4 senses oxidative stress and its deficiency directs cells into apoptosis. The loss of GPx4 function in the neural cells resulted in 12=15-lipoxygenasederived lipid peroxidation that appeared to trigger apoptosisinducing-factor-mediated cell death that in turn could be reversed by vitamin E. In addition, GPx4 was reported to have a role in the expression of various genes (3), in regulating arachidonate metabolism in cells, and has been implicated in eicosanoid biosynthesis (4, 12, 34) . Another glutathione peroxidase, GPx1, is also an antioxidant protein that reduces hydroperoxides using glutathione as a reductant. However, unlike GPx4, which is essential to the animal's survival, knockout of GPx1 and another selenoperoxidase, GPx2, manifest no phenotype, except under stress (7, 11) .
Many of the above studies examining the roles of GPx4 failed to pinpoint the precise function of this selenoenzyme in vivo or to assess why it is one of the more essential selenoproteins. We used RNA interference technology to knockdown GPx4 mRNA in NIH 3T3 cells and used this system to elucidate the intracellular function of this selenoenzyme. 
Materials and Methods
Reagents
siRNA sequences and plasmid construction
To knockdown GPx4 expression, the sequence of the mouse GPx4 gene (NM_008162.2) was surveyed using siDESIGN program (Dharmacon, Inc., Lafayette, CO) and four siRNA targeting sequences were selected: nucleotides136-154 that occur in the coding region and nucleotides 729-747, 879-897, and 901-919 that occur in the 3 0 -untranslated region (3 0 -UTR). Sense and antisense oligonucleotides were designed, annealed, and inserted into the pU6-m3 vector as described (35) . The resulting GPx4 knockdown constructs were designated siGPX4-1, siGPX4-2, siGPX4-3, and siGPX4-4, respectively.
GPx4 knockdown cell lines and cell growth assays
NIH 3T3 cells were grown in DMEM supplemented with 10% fetal bovine serum and antibiotic-antimycotic solution at 378C, 5% CO 2 , in a humidified incubator. NIH 3T3 cells were transfected with the pU6-m3 control construct or the siGPx4 (GPx4 knockdown) construct and selected in media containing 500 mg=ml of hygromycin B as described (37) . Morphology of GPx4 knockdown cells was assessed with an inverted phase-contrast microscope and growth rates of NIH 3T3= pU6-m3 and NIH 3T3=siGPx4 cells were measured by seeding 2Â10 5 cells in a 60 mm culture dish and the cells grown for 24, 48, and 72 h. Cells were harvested with trypsin-EDTA, and counted by the trypan blue exclusion method. To examine the effect of N-acetylcysteine (NAC) and a-tocopherol on the growth, 2Â10 5 cells were seeded in a 60 mm culture dish, incubated 24 h, and treated with 0.5 mM of NAC or 1 mM of a-tocopherol. Cells were harvested and counted as above. Se for 24 h and harvested. Whole cell lysates were prepared with lysis buffer (20 mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 10 mM NaF, 5 mM EDTA, and proteinase inhibitor cocktail used according to the manufacturers instructions). The amounts of protein in cell extracts were measured using the BCA protein assay reagent and 40 mg of each sample were applied to a NuPAGE 4%-12% Bis-Tris gel, the samples electrophoresed, proteins stained with Coomassie Blue staining solution, the gel dried and exposed to a PhosphorImager (Molecular Dynamics, Sunnyvale, CA) as described (37) .
For Northern blot GPx4 analysis, total RNA was prepared from cultured cells and 12 mg of total RNA electrophoresed on gels, the RNA transferred to a nylon membrane, and the membrane hybridized with a radioactive GPx4 probe that had been randomly labeled with [a-
32 P]CTP as described (37) . Following washing the hybridized membrane three times with a solution containing 2X SSC, 0.1X SSC, and 0.1% SDS, it was exposed to a PhosphorImager (Molecular Dynamics).
Intracellular ROS measurement
To assess the intracellular ROS, 5Â10
4 NIH=pU6-m3, NIH=siGPx1, and NIH=siGPx4-3 cells were incubated for 24 h and exposed to 10 mg=ml of 5-(and-6)-chloromethyl-2'7'-dichlorodihydrofluorescein diacetate acetyl ester (H 2 DCFDA) for 30 min. H 2 DCFDA-stained cells were harvested with a cell lifter, washed with PBS, and the fluorescence of DCFDA measured by flow cytometry using a FACS Calibur 2 Sorter (Beckton Dickinson, Franklin Lakes, NJ). Cells were quantitated by FlowJo (Tree Star, Inc., Ashland, OR).
For confocal microscopy, cells were seeded in a Chambered Coverglass System and incubated for 24 h in growth media without phenol red. The cells were then exposed to H 2 DCFDA as above, and the intracellular ROS detected and imaged with a confocal microscope.
Measuring lipid peroxidation by-products
To detect intracellular malondialdehyde (MDA), which is one of the by-products of lipid peroxidation, pU6-m3 and siGPx4 cells growing in log phase were collected, counted, 3Â10
6 cells placed into a 1 ml microtube, the resulting washed with PBS, and packed cells homogenized in ice-cold 0.1 ml of 10% trichloroacetic acid, then 0.1 ml of 2-thiobarbituric acid (6.5 mg=ml) added, and the mixture incubated for 30 min at 958C. Samples were cooled to room temperature, an equal volume of n-butanol added and the mixture centrifuged for 3 min at 13,000 g. The upper layer of each sample was removed, the absorbance at 532 nm measured, and lipid peroxidation assays were performed as recommended by the manufacturer.
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To assay for 4-hydroxynonenal (4-HNE)-modified and ubiqutinated proteins, cells that were grown in chamber slides, and brain normal and Alzheimer's disease mouse (13) and human tissue slides were fixed with 4% paraformaldehyde for 30 min, washed three times with PBS and permeabilized with 0.2% of Triton X-100 solution containing 1% fetal bovine serum in PBS on ice. Permeabilized cells were washed three times with wash buffer (1% fetal bovine serum in PBS), incubated with mouse anti-4-HNE antibodies or mouse anti-ubiquitin antibodies for 2 h at room temperature, and the cells washed again three times with wash buffer. Alexa 488-conjugated anti-mouse IgG secondary antibodies were then applied, the sample left at room temperature for one additional hour, and excess antibodies removed by washing the cells three times with wash buffer as above. The cells were then examined with a fluorescence microscope (Carl Zeiss Microimaging, Inc., Gö ttingen, Germany) and photographed.
Statistics
The standard errors of the means (SEM) are shown as error bars and the statistical differences between means were determined by Student's t-test using GraphPad Prism 4.0 (GraphPad Software Co., La Jolla, CA). Differences were considered statistically significant at p < 0.05.
Results
Generation of siGPx4 constructs, knockdown of GPx4 in NIH 3T3 cells, and analysis of growth rate
Four siRNA targeting sequences were selected for knocking down GPx4 expression as described in the Materials and Methods. Three of these sites occurred in the 3 0 -untranslated region (3 0 -UTR) and one in the coding sequence (Fig. 1) . Each siRNA construct was examined for its ability to reduce the levels of GPx4 mRNA following stable transfection of NIH 3T3 cells. The siRNA construct corresponding to nucleotides 729-747 within the 3 0 -UTR (designated siGPx4-2) was the most effective for targeting GPx4 mRNA and protein removal, resulting in >80% loss ( Fig. 2A, left panel) . The siGPx4 construct corresponding to nucleotides 879-897 within the 3 0 -UTR (designated siRNA4-3) removed *50% of GPx4 mRNA and protein ( Fig. 2A, right panel) , while the remaining two constructs, siGPx4-1 and siGPx4-4, had little or no effect on GPx4 mRNA and protein removal (data not shown) and these two constructs were not further examined. The growth rates of the two effective, stably transfected NIH 3T3 cells were examined. The growth of cells transfected with siGPx4-3 was severely impaired, but they grew sufficiently well that their rate of turnover could be measured and compared to cells transfected with the control construct, pU6-m3 (Fig. 2B ). siGPx4-2 transfected cells grew poorly and their growth curve could not be established. These cells were therefore not further studied.
The morphology of NIH 3T3 cells stably transfected with siGPx4-3 and the control vector was examined. siGPx4-3 cells were more slimly shaped than control cells and developed long dendrite-like structures that were disconnected (see arrows in Fig. 2C ). Further studies are needed to elucidate the cause and mechanism of these morphological changes in GPx4 knockdown cells.
Effect of GPx4 knockdown on intracellular ROS generation
ROS production was examined in the GPx4 knockdown and control cells to assess whether the siGPx4-3 cells were undergoing oxidative stress. Control, GPx1 knockdown (Supplemental Fig. 1A ; see www.liebertonline.com=ars) and GPx4 knockdown cell lines were treated with H 2 DCFDA which is a molecular probe for the presence of ROS (see Materials and Methods). Following treatment with H 2 DCFDA, cells were examined by confocal microscopy (Fig. 3A) and FACS analysis (Fig. 3B) . Little difference in intracellular ROS was observed between GPx4 knockdown and control cells, whereas GPx1 knockdown cells showed much higher level of intracellular ROS when compared with control cells. Although changes in DCF fluorescence, besides ROS, may also be influenced by pH and other factors, which limit the use of this probe, the fact that we observed no differences between control and GPx4 knockdown cells suggests that ROS levels were not affected. To provide further insight into a possible cause of growth impairment of GPx4 knockdown cells, cells were grown in the presence of NAC or a-tocopherol. atocopherol, which is known to repair oxidative membrane damage, appeared to partially rescue growth of GPx4 knockdown cells (by *20%-30%) when compared to untreated cells, whereas NAC appeared to have little effect (Fig. 3C) . These observations once again show that the intracellular ROS levels did not change significantly when GPx4 was partially removed, and that treatment with a common antioxidant did not rescue retarded growth caused by GPx4 knockdown. These data suggest that the function of this selenoprotein may possibly be compensated by other proteins that regulate intracellular ROS or that GPx4 has no role in controlling intracelluar ROS levels.
Effect of GPx4 knockdown on the generation of lipid hydroperoxide by-products
Lipid hydroperoxide by-products such as malondialdehyde (MDA) and 4-hydroxynonenal (4-HNE) arise intracellularly by peroxidation of unsaturated phospholipids and cholesterol in cell membranes. These by-products cause cellular damage, at least in part, by oxidatively modifying proteins resulting in loss of activity (2) . In addition to GPx4, several other proteins, such as GPx1 and glutathione FIG. 1. Targeting sites in the GPx4 mRNA. Four sites within GPx4 mRNA were selected to generate potential siGPx4 constructs for targeting the knockdown of GPx4 expression. The corresponding constructs were prepared as described in Materials and Methods. One site, designated siGPx4-1, occurred within the coding region, and the three others, designated siGPx4-2, -3, and -4, occurred within the 3 0 -UTR as shown. The location of the selenocysteine insertion sequence (SECIS) element in the 3 0 -UTR relative to the potential target sites is also shown.
S-transferase type a, are involved in cellular detoxification by removing lipid hydroperoxides (8) . However, GPx1 is thought to reduce lipid hydroperoxides after they are initially cleaved by phospholipase A 2 (PLA 2 ) and released from the cell membrane, whereas GPx4 can act directly on these toxic substances (23, 29, 32) . To assess lipid hydroperoxide generation in the GPx4 knockdown cells, we examined siGPx4-3 cells for the presence of MDA and 4-HNE. The levels of MDA in the GPx4 knockdown cells were about four times higher than in control cells (Fig. 4A ). 4-HNE was also significantly elevated in siGPx4-3 cells as demonstrated by immunofluorescence microscopic detection of this lipid hydroperoxide by-product (Fig.  4B) . It is also known that a-tocopherol treatment inhibits 4-HNE production (16) . Thus, these results confirm that a major function of GPx4 is to remove lipid hydroperoxides.
Since GPx1 is known to reduce cleaved lipid hydroperoxides, we examined whether overexpression of GPx1 (Supplemental Fig. 1B ; see www.liebertonline.com=ars) can rescue siGPx4-3 cells from increased levels of MDA and 4-HNE (see Fig. 4C and D) . siGPx4-3 and pU6-m3 were transiently cotransfected with the GPx1 expression vector and lipid hydroperoxide levels measured in both cell lines (Fig. 4C) . MDA levels were similar in siGPx4-3 cells, but higher than in the corresponding control cells whether the siGPx4 cells were transfected or not transfected with GPx1 vector. These results suggested that GPx1 did not contribute significantly to protection against lipid hydroperoxidation and that overexpression of GPx1 did not rescue siGPx4-3 cells from GPx4 deficiency.
High intracellular amounts of 4-HNE are known to increase ubiquitination of cellular proteins (33) . We examined whether GPx4 knockdown cells had higher ubiquitination than control cells, and whether overexpression of GPx1 reduced ubiquitination in siGPx4-3 or control cells by Western blot analysis (Fig. 4D) . Ubiquitination appeared to be slightly elevated in control cells transiently transfected with the GPx1 expression vector compared to control cells transiently transfected with empty vector (lanes 1 and 2 in Fig. 4D ). These results suggested that cells transfected with the GPx1 expression vector manifested additional stress when they expressed exogenous GPx1. Similarly, cells stably transfected with siGPx4-3 appeared to have higher levels of ubiquitination compared to the corresponding control cells and GPx1 expression further increased ubiquitination. Although cells transiently transfected with the GPx1 expression vector clearly synthesized more GPx1 (lanes 2 and 4 in the lower panel), cells enriched in this selenoprotein did not reduce ubiquitination levels, providing further evidence that this selenium-containing enzyme does not have a direct role in removing lipid peroxide products nor can it compensate for GPx4 deficiency. NIH 3T3 cells stably transfected with pU6-m3 or siGPx4-3 were seeded at a density of 2Â10 5 cells=60 mm culture dish and grown as given in Materials and Methods. In (B), growth rates of both cell lines were determined by counting cell numbers at 24, 48, and 72 h; *p < 0.02; NIH=siGPx4-3 was compared with NIH=pU6-m3 and in (C), cell morphology was examined at 48 h and photographed with an inverted phase contrast microscope.
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Lipid hydroperoxide by-products and Alzheimer's disease
Lipid hydroperoxide by-products have been linked to various diseases such as atherogenesis, ischemiareperfusion, and UV-induced carcinogenesis (15, 18, 21) . 4-HNE is associated with inflammation, neurodegenerative diseases, adult respiratory distress syndrome, and atherogenesis (18, 38) , and has been implicated as an oxidative stress metabolite in Alzheimer's disease (25) . Protein oxidation and lipid peroxidation (25, 27) and oxidative stress through mitochondrial trauma (6) have also been associated with Alzheimer's disease. More recently, GPx4 overexpression was reported to suppress atherogenesis in apolipoprotein E-deficient mice (9), suggesting possible involvement of GPx4 in various degenerative diseases. In light of these observations and ours showing that lipid peroxidation by-product levels can be controlled intracellularly by GPx4, the quantities of this selenoprotein and 4-HNE and MDA were examined in the brains of mice representing a model of Alzheimer's disease (13, 26) which overexpresses the amyloid precusor protein (Fig. 5) . Analysis of brain tissue extracts showed that the levels of GPx4 were downregulated, and those of GPx1 appeared slightly elevated, in Alzheimer's diseased mice compared to normal mice ( Fig. 5A and C) . Interestingly, guanine-rich sequencebinding protein (GRSF1), which controls the translation of GPx4, but not GPx1 (30), was also downregulated in Alzheimer's diseased mice compared to normal mice. There did not appear to be any difference in the mRNA levels of GPx4 or GRSF1, and only a slightly elevated GPx1 mRNA expression, suggesting that a defect in translation of GRSF1 may have resulted in its poor synthesis that in turn resulted in the downregulation of GPx4 synthesis.
Assay of MDA in the brain tissue of normal and Alzheimer's diseased mice revealed that this lipid peroxidation by-product was enriched about twofold in the diseased animal compared to the control (Fig. 5A ). Similarly, a higher level of the 4-HNE modified protein was found in the brain tissues of Alzheimer's diseased human and mice than in the corresponding normal tissues (Fig. 5D and C, respectively).
FIG. 3.
Oxidative stress in GPx4 knockdown cells. NIH 3T3 cells stably transfected with pU6-m3, siGPx1, or siGPx4-3 were grown and intracellular ROS were measured following a 30 min incubation with 10 mg=ml of H 2 DCFDA, as described in Materials and Methods. In (A), cells were seeded in a chamber coverglass with growth media (without phenol red), grown for 24 h, incubated with H 2 DCFDA, and the cells imaged with a confocal microscope. The left panel shows the fluorescent patterns and the right panel the phase contrast in the two cell lines. In (B), cells stably transfected with pU6-m3, siGPx1, or siGPx4-3 were grown and treated with H 2 DCFDA as in (A), harvested with a cell lifter and analyzed immediately by flow cytometry. H 2 O 2 -treated pU6-m3 was shown as a positive control. In (C), NIH=pU6-m3 and NIH=siGPx4-3 cells were treated with NAC or atocopherol as described in Materials and Methods and growth rate of the cells was assessed after 48 h. *p < 0.01; a-tocopherol-treated NIH=siGPx4-3 was compared with buffer-treated NIH=siGPx4-3.
Discussion
Several selenoproteins such as GPx1 and GPx4, which use glutathione as a substrate, and thioredoxin reductase, which controls the redox state of thioredoxin, are thought to have roles in regulating cellular redox state and intracellular ROS levels (see references in 10). These proteins are often viewed as antioxidants, but their contributions to redox regulation are not fully understood. In this work, we prepared NIH 3T3 cells deficient in GPx4 and characterized its cellular model. Surprisingly, GPx4 appeared to have little or no function in controlling intracellular ROS levels, or perhaps its function in regulating ROS was compensated by other proteins in GPx4 knockdown cells when the cells were grown under standard growth conditions. However, we found a very specific role of this selenoenzyme in protecting cells against lipid peroxide damage. Partial knockdown of GPx4 expression decreased cell growth and led to morphological changes, whereas more complete knockdown essentially stopped cell growth such that these cells could not be analyzed. Consistent with the specialized function of GPx4 in lipid peroxidation, the impaired growth of GPx4 knockdown cells was partially rescued with a-tocopherol treatment, but not with NAC. We also found that two lipid hydroperoxide by-products, 4-HNE and MDA, were significantly elevated in GPx4 knockdown cells, suggesting that GPx4 acts on repairing lipid hydroperoxides in membranes, which is also consistent with previous in vitro studies (18, 23, 29) . We overexpressed GPx1 in GPx4-deficient cells to assess whether the lipid hydroperoxide repair mechanism can be rescued by this selenoprotein. However, GPx1 did not compensate for GPx4 loss and apparently acts in a separate manner.
It is known that neurodegenerative diseases such as Alzheimer's disease manifest elevated levels of lipid hydroperoxide by-products, suggesting that this disease is associated with lipid hydroperoxide damage (15, 25, 38) . APPGPx4 þ=À mice which overexpress amyloid precursor protein and lack one copy of GPx4 gene (heterozygous knockout) showed increased amyloid plaque burden that was caused by increased lipid peroxidation (5). It appears in our studies that GPx4 is involved in repairing lipid hydroperoxide damage and the role of GPx4 deficiency in Alzheimer's disease (which also manifest downregulation 
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of this selenoenzyme) must await further investigation. The defect in GPx4 downregulation in Alzheimer's disease appears to reside in a translational defect in GRFS1 expression. GRSF1 binds to a specific sequence in the 5 0 -untranslated region of GPx4 and enhances its expression (30) . Interestingly, GRSF1 and GPX4 are co-expressed during embryonic brain development and the targeted removal of GRSF1 prevents GPx4 expression.
Overall, our data establish a critical role of GPx4 in controlling the intracellular levels of lipid hydroperoxides FIG. 5. Expression of GPx4, GPx1, and GRSF1 and levels of lipid peroxidation by-products in an Alzheimer's disease mouse model. (A) Expression of GPx4, GRSF1, and GPx1 (upper, left panel) and GPx4, GRSF1 and GPx1 mRNAs (upper, right panel) from the brain tissue of the same normal mouse and the same Alzheimer's diseased mouse was examined by Western blot and Northern blot analysis, respectively, and the lipid peroxidation by-product, MDA, by MDA assay (lower graph) as described in Materials and Methods. b-tubulin and 18 and 28S RNA were used as loading controls in the Western and Northern blot analysis, respectively. (B) Expression of GPx4, GRSF1, and GPx1 was examined in brain tissues from two additional normal (control) mice and three Alzheimer's diseased mice by Western blot analysis. (C, D) Brain tissue of normal and Alzheimer's diseased mice (C) and of a normal human and Alzheimer's diseased human (D) were examined for 4-HNE modified proteins by fluorescence microscopy using 4-HNE antibodies wherein blue indicates nuclei stained with DAPI and green indicates 4-HNE modified proteins as described in the legend to Fig. 4 and Materials and Methods. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).
and suggest a role of this selenoprotein in neurodegenerative diseases.
